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(g) Optimal energy steering for an implantable defibrillator. 

(g) Epicardial-patch electrodes for defibrillation 
are efficient in delivering electrical energy accu- 
rately to the necessary tissue and in minimizing 
electrical losses, but they are risky and costly 
because their Implantation requires major 
surgery. Intravenous implantation of endocar- 
dial-coil electrodes, such as right-ventricular- 
apex (RVA) and superior-vena-cava (SVC) elec- 
trodes, by means of cardiac catheters, on the 
other hand, involves simpler procedures. Also, 
implantation of a subcutaneous-patch (SUB) 
electrode or of a pulse-generator housing (CAN, 
subject to co-pending application) electrode 
requires comparatively minor surgery. Using 
these last four electrodes, however, involves 
accepting electrical tosses in intervening tissue, 
relatively inefficient current directions in some 
cases, and unfavorable energy distributions 
among paralleled paths. The present invention 
achieves more favorable energy and current 
distribution by introducing lossy elements In 
one or more paths, or by capacitor-switching 
methods, where RVA is given one polarity, and 
at least two of the other electrodes are given 
opposite polarity, yielding at least two path- 
ways. The present invention also achieves cur- 
rent and energy steering by means of differing 
pulse durations in different paths. Further, it 
derives a rectangular current waveform from a 
capacitor discharge by using a current limiter. 
This pulse-shaping method is equally applic- 
able to single-path and multiple-path situations. 
A rectangular pulse delivers a maximum of 
energy for a given peak-field value with a par- 
ticular electrode combination and pulse dura- 
tion. Peak field Is a measure of the 
tissue-damage potentiality of a particular dis- 
charge. 
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BACKGROUND OF THE INVENTION 

1. Field of the Invention - The present invention 
relates generally to defibrillation methods, and more 
particularly, to Implantable def ibrflatton systems for 
optimizing the efficiency thereof by steering energy 
and current 

2. Description of the Prior Art - Defibrillation, or 
causing the cessation of chaotic and uncoordinated 
contraction of the ventricular myocardium by applica- 
tion of an electrical voltage and current, in its most 
primitive formgoes back to the last century. [J. L Pro- 
vost and F. Batelli, "Sur Quelques Effets des De- 
scharges Eiectriques su le Couer Des Mammifers", 
Comptes Rendus Hebdomadalres des Seances de 
UAcadmie des Sciences, Vol. 129, p. 1267, 1899.] 
The sophistication and effectiveness of def ibrillation 
techniques has grown rapidly in subsequent decades. 
One of the most recent developments has been the 
practical advent of implantable defibrillation systems. 
[R. A. WinWe, et ah, "Long-term Out-come with the Im- 
plantable Cardioverter-Defibrillator 1 ', J. Am. CoB. Cardi- 
ol., Vol. 13, p. 1353, 1989; M.H. Lehman and S. Sakse- 
na, "Implantable Cardtoverter-Defibrfllators in Cardio- 
vascular Practice: Report of the Policy Conference of 
the North American Society of Pacing and Electrophy- 
siology", RACE, Vol. , p. 107, 
May, 1990.] With the acceptance of this technology, 
the new challenge is to reduce system size while pre- 
serving its effectiveness, in order to improve the pa- 
tient's quality of lite and to extend the range of appli- 
cation of such systems. fR. A. Winkle, "State of the Art 
of the AICD-, PACE, Vol. 14, p, 981, May, 1991, Part 
II; N. G. Tullo, S. Saksena and R. B. Krol, Technolog- 
ical Improvements in Future Implantable Defibrilla- 
tors", CARDIO, Vol. , p. 197, 
May, 1990.] 

Until an ability to anticipate fibrillation has been 
achieved, it will be necessary to achieve defibrillation 
by passing a large current through the heart. The cur- 
rent must be large enough to depolarize a large frac- 
tion of the myocardium, thus extinguishing depolari- 
zation wavefronts. [D. P. Zipes, etal., Termination of 
Ventricular Fibrillation in Dogs by Depolarizing a Crit- 
ical Amount of Myocardium", Am. J. Cardiol., Vol. 36, 
p. 37, July, 1975.] 

The high values of current that are employed 
generally in defibrillation procedures and the com- 
pactness that is essential in implantable systems are 
conflicting requirements. For this reason, a huge pre- 
mium is placed on optimal delivery of the current and 
energy necessary for successful defibrillation. But, 
with the kinds of defibrillation electrodes that are 
most conveniently employed, the energy distribution 
or "steering that occurs naturally departs significantly 
from the optimum. The present invention provides 
steering methods that improve the pattern of energy 
delivery when the simplest and least costly electrode 



systems are used. 

For reasons of simplicity and compactness, ca- 
pacitor-discharge systems are almost universally 
used in defibrillation. Achieving the requisite electric 

5 field needed to depolarize most of the myocardial 
cells requires current density above a certain thresh- 
old value, and via Ohm's law, this means the process 
is favored by achieving sufficiently low electrical re- 
sistance in the discharge path. For this reason, the 

10 use of electrodes of relatively large surface area has 
for a long time been the norm. [A. C. Guyton and J. 
Satterfield, "Factors Concerned in Defibrillation of 
the Heart, Particularly through the Unopened 
Chest", Am. J. of Physiology, Vol. 167, p. 81, 1951.] 

15 The discharge of a capacitor C through a fixed resis- 
tance R results in a voltage- vera us- time curve (and 
hence, current versus time as well) that is a declining 
exponential, with a characteristic time given by the 
product RC, as illustrated in FIG. 1A. Although the 

20 heart does not constitute a "fixed" resistor (that is, 
does not have a linear current-voltage characteristic) 
the assumption of its linearity yields a useful qualita- 
tive description of def ibrillation electrical events, and 
will be used in the explanations that follow. 

25 It has also been recognized for some time, how- 
ever, that the low-voltage (and low-current) "tail" of 
the capacitor-discharge pulse is detrimental. [J.C. 
Schuder, GA Rahmoeller and H. StoecWe, Trans- 
thoracic Ventricular Defibrillation with Triangular and 

30 Trapezoidal Waveforms", Clrc. Res., Vol. 19, p. 689, 
October, 1966; WA Tacker, et al., "Optimum Current 
Duration for Capacitor-Discharge Defibrillation of 
Canine Ventricles", J. Applied Physiology, Vol. 27, p. 
480, October, 1969.] The exact reason for this detri- 

35 mental effect is not known, although plausible spec- 
ulations exist. 

For this reason, most efforts have been directed 
at time-truncated capacitor discharges, as illustrated 
in FIG. 1B [J.C. Schuder, et al., "Transthoracic Ven- 

40 tricular Defibrillation in the Dog with truncated and 
Untruncated Exponential Stimuli", IEEE Trans Biom. 
Eng., Vol. BME-18. p. 410, November, 1 971.] That Is, 
the capacitor discharge is simply interrupted by open- 
ing a switch at some middle point, typically, approxi- 

45 mately at the time that the characteristic RC 
time" has been reached. The advent of compact sot- 
idstate switches has made such pulse tailoring a 
straightforward matter. The truncated capacitance 
discharge pulse shown in FIG.1 is known as the 

50 monophasic waveform of the prior art. An important 
variation on the pulse shape lathe blphasic waveform 
of FIG. 1 C, wherein the pulse is extended, but with re- 
versed polarity, again through a switching technique. 
Now turn to the electrodes used to deliver current 

55 to the cardiac muscle. Among the most efficient are 
epicardial- patch electrodes 46 and 47, which are rel- 
atively large-area flexible conductive elements that 
are stitched directly to the epicardium, or exterior of 
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the heart 49, as illustrated In FIG. 2. The obvious 
shortcoming of this method Is, of course, that it re- 
quires major surgery and invokes the hazards of 
opening the chest cavity for attachment of the patch- 
es, s 

An appreciably simpler option positions an endo- 
cardial coil electrode 62 at the right ventricular apex 
(RVA) 64, or the lowest point inside the right ventricle 
66. This usually takes the form of a helix or coil, fab- 
ricated from metal, ribbon or wire, wound on the ex- 10 
terior of a cardiac catheter 60 that is introduced intra- 
venously. This option is illustrated in the lower-left 
hand portion of FIG. 3. Since the catheter can be 
used for other purposes, such as pacing, as well, the 
simple addition of an electrode to it is an attractive fea- is 
ture of this option. Even more Important, the surgery 
needed for the use of epicardial patches is avoided. 
And since it is ventricular tissue that requires electri- 
cal treatment for successful defibrillation, such an 
RVA electrode 62 is quite strategically positioned for 20 
the purpose. A second electrode is also needed, of 
course, to accompany the RVA electrode. An option 
that is often used is the subcutaneous patch 54 (here- 
inafter abbreviated as ("SUB"). It is a relatively large- 
area element, illustrated schematically in the lower- 25 
right portion of FIG. 3 (where distances are not rep- 
resented to scale), that is positioned under the skin 
of the left chest Thus, current passed from SUB 54 
to RVA 62 intersects virtually all of the ventricular tis- 
sue, as desired. The SUB 54 option has the short- 30 
coming that the patch, as a shallow implant, Is vulner- 
able to damage from bumps and other mishaps, and 
even from normal bodily motion, but It has the major 
advantage that open-chest surgery is again avoided. 

A promising alternative (for augmentation) to the 35 
SUB electrode is using the metal housing or CAN 52 
(as hereinafter designated) of the defibrillation pulse- 
generator module 57 as an electrode, an option that 
is the subject of a co-pending application. [M. Kroll, 
"Improved Implantable Defibrillator Circuit and Sys- 40 
tern", U.S. Patent Application Serial No. 

.] This option is especially attractive because 
CAN 52 is mechanically stronger than SUB 54, and 
hence is not liable to breakage, and also because 
CAN 52 must be implanted in any case. The CAN op- 45 
tion is Illustrated schematically in the upper-right por- 
tion of FIG. 3. 

This use of the pulse generator itself brings the 
proviso, however, that CAN 52 must be small enough 
for pectoral Implantation without serious comfort or 50 
cosmetic compromises. The larger implantable pulse 
generators of the prior art have been placed in the 
comparatively spacious abdominal cavity. But ab- 
dominal placement does not permit use of the CAN 
electrode concept; the current path is too long for ef- 65 
ficiency, and also the discharge would result in ex- 
treme discomfort Further, the current vector inter- 
sects the heart disadvantageous^. Thus, a further 



premium and benefit is derived from a size reduction 
of the pulse generator that permits pectoral implan- 
tation, and the efficiency improvement inherent in the 
present invention is aimed at precisely such a size re- 
duction. 

A fourth electrode option that is comparatively 
easy to realize Is simply a second endocardial coil 
added to a catheter that already carries the RVA elec- 
trode. [M. Mirowski, U.S. Patent No. 3,942,536, 
1976]. It is a straightforward matter to position this 
second coil electrode 68 in the superior vena cava 70 
(SVC hereinafter), the chamber immediately above 
the right atrium 72, as illustrated in the upper-left por- 
tion of FIG. 3. The right atrium itself is sometimes 
chosen as the location, and an appreciably more dif- 
f icult-to-reach location, the coronary sinus, is also 
sometimes chosen. But since these three sites are 
proximate, we shall simplify the following descriptions 
by using the SVC designation only to stand for any 
electrode in this region of the heart 

SUMMARY OF THE INVENTION 

Three prior-art electrode options and one that is 
the subject of a co-pending application have just been 
described, all of them requiring substantially less haz- 
ard and trauma for the patient than do epicardial- 
patch electrodes. In a schematic way, FIG. 3 shows 
the relationships of all four of these electrodes that 
are comparatively easy to implant. It Is evident, now, 
that several choices of electrode interconnections 
and polarities exist for applying the defibrillation wa- 
veform. 

In a common and typical defibrillation method, 
only the RVA, SVC, and SUB electrodes are present 
Similarly typical is the "RVA [as] cathode" discharge. 
In the monophaslc case, the positive potential is usu- 
ally applied to the SVC and SUB electrodes in com- 
mon. Having the SVC and RVA electrodes common 
and negative has been found ineffective, and is usu- 
ally avoided. Also, when the fourth or CAN electrode 
is present in addition to the other three, it is standard 
practice to let SUB and CAN be common; to do other- 
wise would cause a local current in the left chest that 
would scarcely intersect the heart. Thus, it is that the 
path and polarity options that at first glance appear 
to be numerous are reduced by practical and elemen- 
tary considerations to a considerably smaller number. 

Return now to the case of three electrodes, for 
which relevant data can be drawn from the literature. 
It has been reported that in the canine heart the 
SVC-RVA pathway presents a resistance of 75 ohms, 
and the RVA-SUB pathway, 103 ohms. [J.N. Wether- 
bee, et at, "Sequential Shocks are Comparable to 
Single Shocks Employing Two Current Pathways for 
Internal Defibrillation in Dogs", PACE, Vol. 11, p. 696, 
June, 1938.] Thus, when the SVC and SUB electro- 
des are made common, the first-named pathway will 
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carry the larger current, this causes problems: First, 
the top-down current is not as effective as an equal 
"horizontal" current would be, one passing through 
much of the ventricular myocardium. Second, the 
SVC electrode typically makes a small-area contact 5 
with the cardiac tissue, and the resulting locally high 
value of current density can cause tissue damage. 
Evidence of the first assertion is the observation that 
the three-electrode option is at best marginally more 
effective for defibrillation than the two-electrode op- to 
tion, RVAand SUB only. [J.N. Wetherbee, etal„"Non- 
thoroctomy Internal Defibrillation in Dogs: Threshold 
Reduction Using a Subcutaneous Chest Wall elec- 
trode with a Transvenous Catheter Electrode", J. Am. 
Co!!. Cordial, Vol. 10, p. 406, August, 1987. 15 

It is clear that a CAN electrode of the co- pending 
application may be used in lieu of SUB, and that this 
would yield a comparable physical and electrical sit- 
uation. Note, however, that combining CAN and SUB 
in parallel will produce an improvement by reducing 20 
resistance in the "horizontal " pathway, thereby ren- 
dering the vertical and horizontal currents more near- 
ly equal. But it Is still desirable, whether one or two 
left-chest electrodes are used, to diminish the wasted 
current and energy in the SVC-RVA pathway, to re- 25 
duce tissue damage at the same time, and still to re- 
tain whatever defibrillation benefit can be derived 
from the diminished current in this path, since the 
SVC electrode is available at small incremental cost 

From a current value well above the defibrillation 30 
threshold, the reaction of cells depolarized diminish- 
es as current is reduced, but diminishes more slowly 
than current, thus improving the fractional incremen- 
tal benefit. Current reduction obviously will reduce 
the problem of tissue damage. Also, because def ibril- 35 
lation uses a transient waveform, rather than a static 
current and voltage, a second approach to reducing 
local tissue damage is to reduce energy delivered. 
Thus, there are at least two variables, current and en- 
ergy, that can be adjusted to achieve more favorable 40 
discharge steering, or distribution of power dissipa- 
tion, the aim of the present invention. 

Let energy reduction in the SVC-RVA pathway be 
the first method described. In order to simplify de- 
scriptive analysis (which is in any case only qualita- 45 
tive), assume that resistance in the SVC-RVA route 
equals that in the SUB-RVA route. The latter may of 
course involve the SUB and CAN electrodes in paral- 
lel, which makes the assumption more accurate, but 
for simplicity, the designation "SUB" wBI be used be- so 
low for either case. To reduce energy absorbed in the 
SVC-RVA pathway, exploit modern switching tech- 
nology again to apply the discharge voltage to the 
SVC electrode at some time after it has been applied 
to the SUB electrode, and then terminate the voltage 55 
to both electrodes simultaneously. The circuit illu- 
strated schematically in FIG. 4 accomplishes this re- 
sult The switch 96 is programmable by the physician 



to close (as typical examples) 1 , 2, 3, 4, 5, or 6 milli- 
seconds after the switch 100 that delivers the pri- 
mary waveform. 

In representative cases, the duration of the SVC 
waveform might be 40% to 60% that of the SUB wa- 
veform. This arrangement will cause a major fraction 
of the discharge energy to flow from SUB to RVA, and 
an example of the resulting monophasic waveform Is 
Illustrated In FIG. 5A. For the given assumptions, the 
characteristic time (RC time) of the system is cut in 
half by placing SUB and SVC in parallel, with the re- 
sulting factor-of-t wo change of slope in the waveform 
that is displayed in FIG. 5A. It should also be noted 
that this arrangement automatically reduces peak 
voltage, and hence peak current and peak field in the 
tissue, in the path of the briefer pulse, which is dis- 
played in FIG. 5B. But it is obvious, of course, t hat the 
smaller-duration waveform could be shifted to an ear- 
lier time, in the limit having the same peak voltage as 
the waveform applied to SUB. Such variations are 
produced by altering the operation timing of switches 
96 and 100 in FIG. 4. 

The duration of a defibrillating pulse is another 
variable that is not related linearly to pulse effective- 
ness, with pulses of 2 to 3 milliseconds having been 
shown to be useful. This relates to a characteristic 
time of the heart known as chronaxie. [L. Lapicque, 
"Definition Experimentelle de I'excitabilite", flroc. 
Soc. deB/o/., Vol. 77, p. 280, 1909; G. Weiss, "Sur la 
Possibaite de Rend re Comparable entre Eux les Ap- 
pareils Suivant a I'Extitation Electrique", Arch. Hal, 
deBiol., Vol. 35, p. 41 3, 1 901 .] Typical values of chron- 
axia are Indeed between 2 and 3 milliseconds, and 
the effectiveness of pulses of such length is exploited 
in another co-pending application. [T. Adams, M. 
Kroil, "Small-Capacitance Defibrillation Process", 
U.S. Patent Application Serial No. 

.] Finally, the same pulse delay principle is applica- 
ble to the biphasic waveform, with the primary-pulse 
result shown in FIG. 5C, and the shorter-pulse result, 
in FIG. 5D. 

The manipulation of pulse duration is only one of 
several methods for altering energy distribution be- 
tween two discharge paths, or among more than two. 
It is also possible to reduce the voltage delivered to 
one electrode as compared to another. (Let us adhere 
to the case of three electrodes, RVA 62, SVC 68, and 
SUB 54, since this case fully illustrates the princi- 
ples.) A simple way to achieve this result is by placing 
a lossy element in series in the path where lower vol- 
tage and current are desired. 

Still another approach exploits capacitor-switch- 
ing techniques, such as charging capacitors in series 
and discharging them in parallel. Somewhat nonobvi- 
ously, the use of "lossy" components yields a more ef- 
ficient result than this simple switching method, how- 
ever, because the energy stored in a charged capac- 
itor has a square-law dependence on voltage. Effl- 
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ciency Improvements in a co-pending application that 
employs capacitor switching, are brought about by 
the capturing of energy otherwise wasted. [M. Kroll, 
"Improved Implantable Defibrillation Circuits and Sys- 
tems", U.S. Patent Application Serial No. 
] 

To illustrate the principles involved in the several 
options, numerical examples employing typical val- 
ues are helpful. For still greater clarity, let the exam- 
ples be further simplified by considering these op- 
tions as applied to a single conducting path. The ex- 
tension to multiple-path cases will be obvious. As rep- 
resentative values, let us choose C = 100 uF, a num- 
ber that plays a dominant role in determining the 
physical volume of the pulse generator, and hence 
choice of implantation site. Let the high-voltage pow- 
er supply deliver 700 volts, a realistic value, and let 
the resistance of the defibrillation pathway be taken 
as 70 ohms. These values lead to an RC time constant 
of 7 milliseconds. If the pulse were truncated at the 
RC time, its voltage amplitude would be 0.37 of the ini- 
tial value. Let us instead, however, truncate the pulse 
at the point where its amplitude is half its original val- 
ue, a choice that simplifies energy relationships. This 
yields a pulse duration of 4.85 ms rather than 7 ms. 

To establish a benchmark for comparing the op- 
tions, first consider the 100-uF capacitor to be 
charged in the initial voltage V, = 700 V, for a stored 
energy of 24.5]. If delivered in a monophasic pulse 
that is terminated at V, = 350 V as illustrated in FIG. 
6A, then one-quarter of this energy (via the square 
law) remains unused in the capacitor and the bal- 
ance, 18.4J, is delivered to the defibrillation path. 

Now, to examine the capacitor-switching option, 
let two 50-uF capacitors be charged in series to 700V. 
Switching at the time of discharge to a parallel inter- 
connection yields 1 00 uF of capacitance charged to V, 
= 350V, for an initial storage of 6.125J. If the pulse is 
terminated once more at half voltage (as in FIG. 6B), 
or at Vf= 175V, then the energy delivered to the defi- 
brillation path is 4.59J. 

Next, let a 70-ohm resistor Rs be placed in series 
in the discharge path. It is evident that equal amounts 
of energy will be dissipated in the resistor R3 and in 
the equal defibrillation- path resistance R. This Is illu- 
strated In FIG. 6C, where the upper trace constitutes 
the waveform delivered to the two resistances in ser- 
ies, and the lower trace, the waveform delivered to 
the defibrillation path. Because the RC time has been 
doubled in this case, twice the time is necessary for 
the respective voltages to fall to half their initial val- 
ues. If this pulse duration Is acceptable, one-quarter 
of the energy remains stored in the capacitor at the 
termination of the pulse, as was the case in FIGS. 6A 
and 6B. But three-eighths of the energy stored initial- 
ly, or 9.19J, is delivered to the defibrillation path this 
time, or twice as much as In the capacitance-switch- 
ing option. 



If, on the other hand, it is desired to terminate the 
pulse at the same absolute time as In the two preced- 
ing examples, then the voltage amplitude Is 0.707 of 
the initial value, so that the energy remains in the ca- 

5 pacitor is half that initially stored. Each resistor dissi- 
pates one-quarter of the initial energy, wh ich is to say 
that 6.125J is delivered to the defibrillation path. To 
conclude this discussion of a resistor as the lossy de- 
vice, note that the method is as readily applicable to 

10 the biphaslc as to the monophasic waveform. 

Another lossy-device option is the "current limit- 
ei". This term usually identifies a two-terminal cur- 
rent-regulating device of a kind that has been known 
in the semiconductor art since the latter 1950s. From 

is the early 1950s it has been possible to accomplish a 
similar result by using three-terminal devices, and 
hence somewhat more complicated circuitry. The 
simplest realization of a two-terminal current limiter is 
a depletion-mode field-effect transistor, either JFET 

20 or MOSFET, with source and drain being the two rel- 
evant terminals. Field-effect transistors with charac- 
teristic currents above an ampere have been fabricat- 
ed since the 1960s, and are useful as switches in the 
defibrillation art 

25 The current-voltage characteristic of a current 

limiter is shown in FIG. 7A. In FIG. 7B, thecurrenMim- 
iter l-V characteristic is idealized somewhat and su- 
perimposed on that of the defibrillation path, taken to 
be the 70-ohm fixed resistor R. Placing the def ibril- 

30 lation path and current limiter in series yields the 
composite l-V characteristic presented in FIG. 7C. 
The aim at this point is to determine the maximum 
regulated current l r that permits capacitor voltage to 
fall from its Initial value, V t = 700 V, to a final value that 

35 imposes a rectangular current waveform and rectan- 
gular voltage waveform on the defibrillation path, a 
case that yields a particularly clear view of the behav- 
ior of a current-limiter circuit. Action of the current lim- 
iter drains the capacitor at a constant rate, yielding a 

40 linear ramp of negative slope, rather than the familiar 
declining-exponential waveform. Thus, what is need- 
ed is a value for the final voltage V f that is just suffi- 
cient to drive the highest possible regulated current 
l r , through the resistance R = 70 ohms of the def ibril- 

45 lation path, a voltage given by ohm's law as: 
V f = l,R Eq.1 
(At the conclusion of the pulse, the idealized current 
limiter displays zero resistance, so only R remains in 
the circuit) Further, the voltage change V r V f must be 

so consistent with the charge increment Q drawn from 
the capacitor during the pulse, a quantity given by: 

AQ = l,At Eq. 2 
Eliminating l r from Eqs. 1 and 2 yields: 
V f = R( AQ/At) Eq.3 

55 But from the capacitor law, 

AQ = C(V I -V f ) Eq.4 
Eliminating V r from Eqs. 3 and 4 gives: 
AQ = V^(R/At) - (1/C)] 
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= (700V)/[(70Ohmy(4.85x1(Hs)] - (1/1CHF)] 
= 0.02865 C Eq. 5 
Thus, from Eq. 2, 

l r = (AQ/At)*5.91A Eq.8 
and from Eq. 1, 

V f = (5.91 A)(70 ohm) = 413.6 V Eq. 7 
It follows that choosing a current limiter with a char- 
acteristic current of l r = 5.91 A will deliver a rectangular 
current waveform as illustrated in FIG. 7D. The ac- 
companying voltage waveform Is shown as the lower 
trace in FIG. 7E, while the voltage waveform on Rand 
cement llmlter in series is the upper trace. 

It is evident that the energy delivered to the de- 
fibrillation path is: 

Energy = 1 r mt = (5.91Aft70ohm)(4.85x1fr^) 

= 11.9J Eq.8 
With V f being larger than before, a larger fraction of 
the energy initially stored is left in the capacitor this 
time, namely 35%, or 6.4J. Thus, the current-limiter 
technique is applicable to single-path defibrillation 
discharges for generating more nearly rectangular 
waveforms, as well as to the combined purposes of 
steering energy in the case of multiple paths and ach- 
ieving rectangular waveforms In such a case as well. 

To summarize, for the standardized (1) capaci- 
tance, (2) Initial voltage available, and (3) pulse dur- 
ation, that were chosen above, the current-limiter 
method delivers 65% as much energy to the defibril- 
lation path as does a conventional monophasic wave- 
form generated without lossy elements.(The reason 
for this good performance is that the grossly nonli- 
near current limiter looks like" a small and declining 
resistance to the capacitor, with an effective value for 
the case of the idealized current limiter that goes from 
48 ohms to zero during the course of the particular 
pulse of the example.) The resistor R 3 matching defi- 
brillabon-path resistance R permits 33% as much en- 
ergy to be delivered to the defibrillation path as does 
the monophasic pulse of equal duration. And, the ca- 
pacitance-switching method delivers 25% of the en- 
ergy delivered by the monophasic pulse. 

As a final point, it should be noted that the cur- 
rent-limiter method is applicable to the biphasfc op- 
tion as well as the monophasic. A JFET with floating 
gate displays the l-V characteristic shown in FIG. 7F, 
and hence constitutes a bilaterally symmetric current 
limiter. 

One sign if leant aspect and feature of the present 
invention is the full use of electrodes that can be im- 
planted by means of comparatively low-cost and low- 
risk methods, with examples being RVA, SVC, SUB, 
and CAN electrodes. 

Another significant aspect and feature of the 
present invention is the steering of the energy of a de- 
fibrillation pulse to achieve a more favorable energy 
distribution than occurs naturally when such conve- 
nient electrodes are used. 

Still another significant aspect and feature of the 



present invention is the steering of the current of a de- 
fibrillation pulse to achieve a more favorable current 
distribution than occurs naturally when such conve- 
nient electrodes are used. 
8 Yet another significant aspect and feature of the 

present Invention Is the use of SUB and CAN electro- 
des in common to reduce the resistance in the result- 
ing defibrillation pathway as compared to Just one of 
the pathways. 

10 Another significant aspect and feature of the 
present invention is the use of a lossy device in the 
SVC-RVA pathway to reduce current and energy 
therein. 

Still another significant aspect and feature of the 
15 present Invention is the use of a resistor in the SVC- 
RVA pathway to reduce current and energy therein. 

Yet another significant aspect and feature of the 
present invention is the use of a current limiter in the 
SVC-RVA pathway to reduce current and energy 
20 therein. 

Another significant aspect and feature of the 
present invention is the use of a smaller-duration 
pulse in the SVC- RVA pathway than in the SUB-RVA 
pathway orthe CAN-RVA pathway, to reduce current 
25 and energy In the first pathway. 

Still another significant aspect and feature of the 
present invention is using one or more current I im iters 
In one or more defibrillation pathways to derive from 
a capacitor discharge rectangular current and voltage 
30 pulses In thorn pathways. 

Having thus described the embodiments and fea- 
tures of the present invention, we note that It is a prin- 
cipal object of the invention to use the fullest effect 
electrodes that can be implanted by means of com- 
35 paratively low-cost and low-risk methods, with exam- 
ples being RVA, SVC, SUB, and CAN electrodes. 

A further object of the present invention is the 
steering of the energy of a defibrillation pulse to ach- 
ieve a more favorable energy distribution than occurs 
40 naturally when the most convenient electrodes are 
used. 

A still further object of the present invention is the 
steering of the current of a defibrillation pulse to ach- 
ieve a more favorable current distribution than occurs 
45 naturally when the most convenient electrodes are 
used. 

Still another object of the present invention is to 
use the SUB and CAN electrodes in common to re- 
duce the resistance in the resulting defibrillation 
50 pathway as compared to just one of the pathways. 

A further object of the present invention is to re- 
duce current and energy in the SVC-RVA pathway as 
compared to those values in other pathways. 

A still further object of the present invention is to 
55 diminish tissue damage In the SVC-RVA pathway. 

Yet a further object of the present Invention Is to 
derive from a capacitor discharge rectangular current 
and voltage pulses in one or more defibrillation path- 
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ways. 

A still further object of the present invention is to 
improve the efficiency of an implantable defibrillation 
system. 

Yet a further object of the present invention is to 
diminish the size of the pulse generator for an Im- 
plantable defibrillation system having a given degree 
of defibrillation effectiveness. 

A further object of the present invention is facili- 
tating the pectoral implantation of the pulse generator 
for an implantable defibrillation system having a given 
degree of defibrillation effectiveness, in turn to permit 
taking advantage of the CAN electrode. 

BRIEF DESCRIPTION OF THE DRAWINGS 

Other objects of the present invention and many 
of the attendant advantages of the present invention 
will be readily appreciated as the same becomes bet- 
ter understood by reference to the following detailed 
description when considered in connection with the 
accompanying drawings, in which like reference nu- 
merals designate like parts throughout the figures 
thereof and wherein: 

FIG. 1 A illustrates the voltage-time waveform of 
a capacitor discharged through a resistor; 
FIG. 1B illustrates the voltage-time waveform of 
a monophasic pulse, produced by discharging a 
capacitor through a resistor and terminating the 
pulse by switching; 

FIG. 1C illustrates the voltage-time waveform of 
a biphasic pulse, produced by discharging a ca- 
pacitor through a resistor, reversing the polarity 
by switching, and terminating the pulse by further 
switching; 

FIG. 2 illustrates schematically a defibrillation 
system comprising an abdominally implanted 
pulse generator and attached to two epicardial- 
patch electrodes; 

FIG. 3 illustrates schematically a defibrillation 
system comprising a pectorally implanted pulse 
generator serving as CAN electrode, and attach- 
ed to two endocardial-coil electrodes. SVC and 
RVA, and one subcutaneously implanted SUB 
electrode; 

FIG. 4 illustrates schematically a pulse-generator 
configuration for an implantable defibrillation sys- 
tem, said configuration comprising a high-voltage 
power supply, a capacitor to be discharged, and 
switches to govern the delivery of energy to ter- 
minals to be connected to two to four electrodes; 
FIG. 5A illustrates the voltage-time waveform of 
a monophasic pulse, produced by discharging a 
capacitor through one or more paths initially, and 
placing an additional path in parallel therewith 
during the course of the pulse, and terminating 
current through all paths simultaneously by 
switching; 



FIG. 5B illustrates the voltage-time waveform re- 
ceived by the additional path in the description of 
FIG. 5A; 

FIG. 5C illustrates the voltage-time waveform of 
a biphasic pulse, produced by the method in the 
description of FIG. 5A, but with the addition of po- 
larity reversal by switching In lieu of pulse termin- 
ation, of again placing the additional path in par- 
allel with the primary path during the course of 
the reversed- polarity pulse, and then terminating 
current through all paths simultaneously by 
switching; 

FIG. 5D illustrates the voltage-lime waveform re- 
ceived by the additional path in the description of 
FIG. 5C; 

FIG. 6A illustrates the voltage-time waveform of 
a particular monophasic pulse for analytic com- 
parison; 

FIG. 6B illustrates the voltage-time waveform of 
a monophasic pulse produced by capacitor 
switching; 

FIG. 6C illustrates the voltage-time waveform 
produced by doubling the resistance used in the 
case of FIG. 6A; 

FIG. 7A illustrates the current-voltage character- 
istic of a particular current limiter placed in series 
with a particular resistor 
FIG. 7B illustrates comparison current-voltage 
waveforms characteristic of a particular current 
limiter and a particular resistor. 
FIG. 7C illustrates the composite current-voltage 
waveform characteristic of the current limiter of 
FIG. 7B in series with the particular resistor wa- 
veform of FIG. 7B. 

FIG. 7D illustrates the rectangular current-time 
waveform of a particular monophasic pulse ach- 
ieved by using a current limiter 
FIG. 7E illustrates the voltage-time waveform of 
a particular monophasic pulse achieved by using 
a current limiter, with the lower trace representing 
the rectangular voltage-time waveform delivered 
to the defibrillation path; and, 
FIG. 7F illustrates the current-voltage character- 
istic of a bilaterally symmetric current limiters, 
specifically a floating-gate JFET. 

DETAILED DESCRIPTION OF THE PRIOR ART 

FIG. 1 A illustrates the voltage-time waveform 10 
of a capacitor discharged through a resistor, and wa- 
veform displaying the characteristic time 12 known as 
the RC time. 

FIG. 1B illustrates the voltage-time waveform 20 
of a monophasic pulse of the prior art, produced by 
discharging a capacitor through a resistor and termin- 
ating the pulse after a tome 22 by switching. 

FIG. 1C illustrates the voltage-tlme waveform 30 
of a biphasic pulse of the prior art, produced by dis- 
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charging a capacitor through a resistor, reversing the 
polarity by switching after a time interval 32, and ter- 
minating the pulse after a further time Interval 34 by 
further switching. 

FIG. 2 illustrates schematically a patient 40 fitted 
with a defibrillation system comprising an abdominal- 
ly implanted pulse generator 42, connected by means 
of electrical harness 44 to two epicardial-patch elec- 
trodes 46 and 47, which are attached to the heart 49 
of the patient 40. 

DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

FIG. 3 Dlustrates schematically and for purposes 
of illustration a defibrillation system 50 including a 
pectorally implanted pulse generator 57 serving as a 
CAN electrode 52, the pulse generator 57 attached to 
a subcutaneously implanted SUB electrode 54 by in- 
terconnection 56, and by interconnection 58 to a car- 
diac catheter 60 that includes a first endocardial-coil 
electrode 62 positioned at the apex 64 of the right 
ventricle 66, the coO being the RVA electrode 62, and 
a second endocardial-coil electrode 68 positioned in 
the superior vena cava 70, which is above the right at- 
rium 72, the second coB being the SVC electrode 68, 
a configuration that causes defibrillation current com- 
ing from the CAN electrode 52 and coming from the 
SUB electrode 54 substantially to intersect the left 
ventricle 74, as well as the right ventricle 66. The 
methods of the present invention reduce defibrillation 
current and energy delivered to the path from the 
SVC electrode 68 to the RVA electrode 62. 

FIG. 4 illustrates schematically a pulse-generator 
configuration 80 for an implantable defibrillation sys- 
tem, the configuration comprising a high-voltage 
power supply 82, having first and second output leads 
84 and 86 for charging a capacitor 88, the capacitor 
to be discharged through at least one of two paths, 
where the first path 90 is completed through chest tis- 
sue form an SVC electrode 68 that is connected to a 
first terminal 92, to an RVA electrode 62 that is con- 
nected to a second terminal 94 that is in turn connect- 
ed to the second output lead 86, the first path 90 be- 
ing under the control of a first single-pole, single- 
throw switch 96, and where the second path 98 is un- 
der the control of a second single-pole, single-throw 
switch 100, and where said second path 98 is com- 
pleted through chest tissue from electrically common 
SUB and CAN electrodes 54 and 52 that are respec- 
tively connected to a third terminal 102 and a fourth 
terminal 104, again to the RVA electrode 62 that is 
connected to the second terminal 94 with the present 
invention adjusting the current and energy delivered 
through the first path 90 by at least one method of, 
first, having the first switch 96 closed for a shorter 
time than the second switch 1 00, and second, placing 
a lossy component In series in the first path 90. 



FIG. 5A illustrates the voltage-time waveform 110 
of a monophasic pulse produced by discharging a ca- 
pacitor through one or more paths initially, and plac- 
ing an additional path in parallel therewith during the 

5 course of the pulse at the time 112, and terminating 
current through all paths simultaneously by switching 
at the time 114. 

FIG. 5B fllustrates the voltage-time waveform 
120 received by the additional path In the description 

10 of FIG. 5A, a waveform that results from closing the 
switches in the additional path at the time 112, and 
terminating current through the path at the time 114 
where all numerals correspond to those elements 
previously described. 

is FIG. 5C illustrates the voltage-time waveform 
130 of a biphaslc puise, produced by the method in 
the description of FIG. 5A, but with the addition of po- 
larity reversal by switching at the time 114 in lieu of 
pulse termination, of again placing the additional path 

20 in parallel with the primary path at the time 1 36 during 
the cows of the reversed-polarity pulse, and then ter- 
minating current through all paths simultaneously by 
switching at time 138 where all numerals correspond 
to those elements previously described. 

25 FIG. 5D illustrates the voltage-time waveform re- 

ceived by the additional path in the description of FIG. 
5C, wherein the additional path is placed in parallel 
with the primary path at the time 136 during the 
course of the reversed-polarity pulse, and then cur- 

30 rent through all paths is terminated simultaneously by 
switching at time 138 where all numerals correspond 
to those elements previously described. 

FIG. 6A illustrates the voltage-time waveform 
1 50 of a particular monophasic pulse for analytic com- 

35 parison, comprising an initial voltage 152, a final vol- 
tage 154, and a pulse duration 156 where all numerals 
correspond to those elements previously described. 

FIG. 6B illustrates the voltage-time waveform 
160 of a monophasic pulse produced by capacitor 

40 switching,. comprising an initial voltage 162, a final 
voltage 164, and a pulse duration 166 where all nu- 
merals correspond to those elements previously de- 
scribed. 

FIG. 6C illustrates the voltage-time waveform 
45 170 produced by doubling the resistance used in the 
case of FIG. 6A, the waveform 170 having a pulse 
duration 172, and comprising an upper trace 174 rep- 
resenting voltage on the two resistors in series, and 
having an initial voltage 176, a final voltage 178, and 
so having a lower trace 1 80 representing voltage on the 
tissue resistor, and having an initial voltage 182, a fi- 
nal voltage 184 where all numerals correspond to 
those elements previously described. 

FIG. 7A illustrates the current-voltage character- 
's istic of a current limiter, having a characteristic cur- 
rent 192. 

FIG. 7B Dlustrates a comparison 200 of an ideal- 
ized current-voltage characteristic 202 for a particular 
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current llmiter with a characteristic current 204 super- 
imposed upon current-voltage characteristic 208 of a 
resistor of 70 ohms where a!) numerals correspond to 
those elements previously described. 

FIG. 7C illustrates the composite current-voltage 
characteristic 210 of the particular idealized current 
limiter 202 of FIG. 7B placed in series with the partic- 
ular 70-ohm resistor 206 of FIG. 7B, displaying a 
"knee" 212 with coordinates 5.91 Aand 413.6V where 
all numerals correspond to those elements previously 
described. 

FIG.7D illustrates the rectangular current-time 
waveform 220 of a particular monophasic pulse hav- 
ing an amplitude 222 and a pulse duration 224, ach- 
ieved by using a current llmiter. where all numerals 
correspond to those elements previously described. 

FIG. 7E illustrates a voltage-time waveform 230 
of a particular monophasic pulse achieved by using a 
current limiter, with the lower trace 232 representing 
the rectangular voltage-time waveform delivered to 
the defibrillation path, having an amplitude 234 and 
a pulse duration 235, and having an upper trace 236 
with an Initial amplitude 238 where all numerals cor- 
respond to those elements previously described. 

FIG.7F illustrates the current-voltage character- 
istic 240 of a bilaterally symmetric current limiters, 
specifically a floating-gate JFET, having a character- 
istic-current magnitude 242 in either polarity where 
all numerals correspond to those elements previously 
described. 

MODE OF OPERATION 

The defibrillation electrodes whose implantation 
is least costly and risky to a patient are somewhat less 
efficient than those attached directly to the heart ex- 
terior. Examples in the former category are endocar- 
dial coils, positioned on the exterior of a cardiac cath- 
eter that is Introduced transvenously into the interior 
of the heart Among these coil options is the right- 
ventricular-apex (RVA) electrode, other positional op- 
tions for an endocardial coil are inside the right atrium, 
or inside the coronary sinus, or inside the superior 
vena cava (SVC). These last three positions are com- 
paratively close together In the heart, and are for con- 
venience here lumped and labeled "SVC". The pres- 
ent invention improves the performance of these eas- 
ier-to-lmplant electrodes by modifying the pattern of 
energy and current delivery that occurs naturally 
when two or more def ibrillation-cur rent pathways are 
created by means of these four or six electrode op- 
tions. The natural pattern Is determined by the re- 
spective path resistances. 

Modifications of the pattern not only yields more 
efficient defibrillation, but also diminishes tissue 
damage resulting from excessive current in low-resis- 
tance paths. The modification is achieved in the In- 
vention by, for example, assigning to a lower-resis- 



tance path a (1) smaller pulse duration, or (2) a lower- 
voltage capacitor discharge. The second method 
comprises the options of capacitor switching or of in- 
troducing a lossy element in series in such a path or 

5 paths. Particularly advantageous is the use of a cur- 
rent limiter as t he lossy element, because it Is capable 
of generating a pulse of rectangular waveform, a tech- 
nique useful for both single-path and multiple-path 
situations. Such a pulse delivers a maximum of ener- 

10 gy for a given peak-field value with a particular elec- 
trode combination and pulse duration. Peak field is a 
measure of the tissue-damage potentiality of a par- 
ticular discharge. 

Various modifications can be made to the present 

is invention without departing from the apparent scope 
hereof. 



Claims 

20 

1. An implantable defibrillation system comprising 
electrode means providing at least two pathways 
for electrical discharge and comprising steering 
means for apportioning energy among said path- 

25 ways by controlling energy delivery to at least one 
of said pathways. 

2. The system of claim 1 wherein the steering 
means is pulse-duration modification in at least 

30 one pathway. 

3. The system of claim 1 wherein the steering 
means is a discharge-voltage difference be- 
tween pathways. 

35 

4. The system of claim 3 wherein the discharge-vol- 
tage difference is achieved by capacitor-switch- 
ing means. 

40 5. The system of claim 3 wherein the discharge-vol- 
tage difference is achieved by Introducing at least 
one lossy element Into at least one pathway. 

6. The implantable defibrillation system comprising 
45 a right-ventricular-apex (RVA) electrode with a 

first polarity during discharge, at least two of the 
three electrodes identified as superior-vena-ca- 
va (SVC), subcutaneous-patch (SUB), and pulse- 
generator-housing (CAN) with opposite polarity, 
so said SVC is interpreted to designate any elec- 
trode in the near vicinity of the right atrium of the 
heart, and a steering means is used to apportion 
current favorably among at least two discharge 
pathways. 

55 

7. The system of daim 6 wherein the steering 
means is pulse-duration modification in at least 
one pathway. 
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8. The system of claim 6 wherein the steering 
means comprise at least one resistor. 

9. The system of claim 6 wherein the steering 
means comprises at least one current limiter. s 

10. The system of claim 6 wherein the steering 
means comprises a capacitor-switching circuit 

11. The system of claim 6 t wherein the pulse- 10 
generator-housing is implanted. 
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